The genetic basis of bipolar disorder has long been thought to be complex, with the potential involvement of multiple genes, but methods to analyze populations with respect to this complexity have only recently become available. We have carried out a genome-wide association study of bipolar disorder by genotyping over 550 000 single-nucleotide polymorphisms (SNPs) in two independent case-control samples of European origin. The initial association screen was performed using pooled DNA, and selected SNPs were confirmed by individual genotyping. While DNA pooling reduces power to detect genetic associations, there is a substantial cost saving and gain in efficiency. A total of 88 SNPs, representing 80 different genes, met the prior criteria for replication in both samples. Effect sizes were modest: no single SNP of large effect was detected. Of 37 SNPs selected for individual genotyping, the strongest association signal was detected at a marker within the first intron of diacylglycerol kinase eta (DGKH; P = 1.5 Â 10 À8
Introduction
Genome-wide association studies are a relatively new approach to the genetics of complex disease. By use of dense maps of polymorphic markers (single-nucleotide polymorphisms, SNPs) and high-throughput genotyping methods, it is now possible to test essentially every gene and most inter-genic regions for evidence of association with disease. This approach offers a powerful alternative to genetic linkage studies, which are often underpowered to detect genes contributing to complex phenotypes, 1 and to candidate gene association studies, which are biased by the choice of genes included and may not reveal novel pathways to disease. 2 In view of the advantages of genome-wide association methods, major efforts are now underway to detect genes contributing to common disease. The largest such studies are the Genetic Association Information Network (GAIN) and the Wellcome Trust Case Control Consortium, both of which are designed to examine a variety of disorders.
Disadvantages of genome-wide association studies include the large number of hypotheses tested and the cost, which can be substantial. Because of the multiple-testing problem, genes that confer modest risk of disease may be overshadowed by false positives. 3, 4 Large-scale replication studies are one solution, but cost considerations typically allow testing of only a subset of markers in the replication sample. A complete genomewide association study in each of two or more independent samples would be expected to reveal the most reproducible signals, even if the effect sizes were not large, but the cost might be prohibitive.
DNA pooling offers a solution to this dilemma. By combining many individual DNA samples in pools, it is possible to perform genome-wide association studies at a fraction of the cost of individual genotyping. Modern laboratory methods of precise sample aliquotting and DNA quantification, along with robust genotyping platforms and novel, validated statistical methods, allow for remarkably accurate estimates of allele frequency differences in cases and controls. [5] [6] [7] Confirmation by individual genotyping assures that positive results do not reflect error introduced by the pooling procedures. DNA pooling studies allow for the efficient screening of multiple independent samples within the same experiment, increasing the likelihood that the results obtained reflect important risk alleles, rather than spurious signals or artifacts of multiple testing.
We have performed a genome-wide association study of bipolar disorder using pooled DNA from two independent case-control samples of European ancestry. All pools were genotyped with over 550 000 SNP markers. Replicated associations were identified, and selected findings were confirmed by individual genotyping. Our results show that several genes, each of modest effect, reproducibly contribute to the risk for bipolar disorder and suggest that bipolar disorder is a polygenic disease. This first genomewide association study of bipolar disorder has important implications for future genetic and biological studies of this common and disabling brain disease.
Methods

Test sample
We used a test/replication design to address the problem of multiple testing and highlight alleles of general relevance. Our test sample ('NIMH') consisted of 461 unrelated bipolar I probands selected from families with at least one affected sibling pair. Probands who reported exclusively European origins (excluding Ashkenazim) were drawn from the NIMH Genetics Initiative (http://nimhgenetics.org). All probands underwent a semi-structured diagnostic interview and were assigned a 'confident' diagnosis of DSM-IV bipolar I disorder by each of two trained clinicians. 8 The matched control sample consisted of 563 unrelated persons who were ascertained by the NIMH Genetics Initiative through a marketing firm and screened by questionnaire for major depression, bipolar disorder and psychosis (Table 1) . Those who did not meet DSM-IV criteria for major depression, denied a history of bipolar disorder or psychosis and reported exclusively European origins (excluding Ashkenazim) were included.
All subjects in the NIMH sample were collected under protocols approved by the local Institutional Review Boards.
A subset of the cases and controls were checked for evidence of population stratification or cryptic relatedness prior to pooling. Unlinked (r 2 < 0.3) SNP markers (n = 2296 in cases, 344 in controls) were genotyped at Illumina Inc. using their GoldenGate assay (unpublished data). Cryptic relatedness was assessed by the use of the program GRR. 9 No cryptically-related individuals were detected. Population stratification was assessed using STRUCTURE 2.0, 10 under an admixture model with 20 000 burn-ins and 20 000 replicates. All cases were assigned to one population with high probability, but six controls were excluded due to a > 70% probability of membership in a second population.
Replication sample
The replication ('German') sample consisted of 772 bipolar I patients recruited from consecutive hospital admissions. Index patients from families previously collected for linkage studies were also included. 11 All patients had a DSM-IV diagnosis of bipolar I disorder necessitating inpatient treatment. DSM-IV lifetime diagnoses were made by a consensus best-estimate procedure, 12 based on all available information, including a structured interview, medical records and family history. The details of the recruitment and phenotype characterization procedures are outlined elsewhere. 13, 14 Over 96% reported that their parents and all four grandparents were born in Germany.
The German case sample was matched with a population-based control sample collected by the same investigators. A total of 876 control individuals were randomly recruited from the list of registered inhabitants with the support of the local Census Bureau of the city of Bonn (North Rhine-Westphalia, Germany). Individuals with a personal history of affective disorder or schizophrenia were excluded. Over 98% were of exclusively German ancestry.
The study protocol for the German samples was approved by the Ethics Committees of the Faculties of Medicine of the Universities of Bonn and Heidelberg.
Power
Power was estimated using Genetic Power Calculator 15 on the basis of the total number of samples pooled, scaled down by 32% to account for the pooling procedure, as recommended by Barratt et al. 16 The NIMH sample had 80% power to detect at P < 0.05 a marker in linkage disequilibrium (D 0 = 0.8) with a disease allele of 20% frequency that confers a 1.4-fold increased risk of bipolar affective disorder (BPAD, trait frequency 2%) under an additive model. Under the same assumptions, the larger German sample had close to 90% power to detect such an allele.
DNA pooling procedures
We created a total of 39 non-overlapping pools (NIMH sample: seven case pools and nine control pools, 50-80 subjects per pool; German sample: 13 case pools and 10 control pools, 42-60 subjects per pool). 17 Equimolar amounts of DNA, diluted to a concentration of approximately 10 ng/ml (Quant-iT PicoGreen dsDNA Assay Kit, Invitrogen, OR, USA), were pooled by manual pipetting. Samples with DNA concentrations outside our specified range of 5% around the plate mean were excluded from the pools (49 cases from the NIMH sample, 93 cases and 333 controls from the German sample). Excluded samples differed from the others only in concentration and were included at the individual genotyping stage.
Pooled DNA was concentrated using Micron YM-100 Filter columns (Millipore Corporation, Bedford, MA, USA) to greater than 50 ng/ml (NanoDrop Technologies, Wilmington, DE, USA) before genotyping. Pools were loaded onto the HumanHap550 chip and processed on the BeadStation using the procedures recommended by the manufacturer (Illumina Inc., La Jolla, CA, USA). The HumanHap 550 chip samples about 90% of common variation in persons of European descent at an r 2 > 0.8. 18 To assess variance in allele frequency attributable to the pooling procedure, each pool was created at least twice and the technical replicate pools were compared. Correction and normalization of the pooling data and tests of the robustness of the method are described in the Supplementary Methods. Since these correction procedures have not been validated with mitochondrial SNPs, these were excluded from the present study.
Whole-genome analysis Analyses of data from the DNA pools were performed by locally authored software using the Apophenia library 19 and available by request. We calculated normalized allele frequencies from raw intensity data and averaged data across replicate pools to obtain a relative allele frequency (RAF) estimate for each SNP in each pool. SNP-pool combinations with a variance between replicate pools of > 2% were excluded. We tested (t-test) the null hypothesis that the transformed RAF for cases was equal to the transformed RAF for the controls. Details about the normalization and pooling procedures are presented in the Supple mentary Methods.
Replication criteria
In order to minimize false positives due to multiple testing, we employed a replication design. This design did not treat the two samples equally, due to differences in ascertainment and ancestry. The NIMH sample consisted only of cases with a sibling pair affected with bipolar disorder, unlike the German sample where less than 15% reported a family history of bipolar disorder. The NIMH sample, while selected for European ancestry, is drawn from the US population and is more diverse than the German sample, the vast majority of whom report exclusively German ancestry. Thus we reasoned that the NIMH sample would be most likely to contain important risk alleles of relevance in broad European populations.
To be eligible for replication testing in the German sample, SNPs were required to fulfill three criteria in the NIMH sample. First, we required an SNP to have RAF over 0.05 in both cases and controls. Rarer alleles were excluded because the accuracy of allele frequency estimates in pooled DNA is lower for rarer alleles (see Supplementary Methods) and there would be low power to detect less common SNPs in the German sample. Second, we required that an SNP be associated with bipolar disorder at a nominal P-value of 0.05 or below and an odds ratio (OR) of at least 1.4. This assured reasonable power to replicate in the German sample even if the OR was over-estimated in the NIMH sample. Third, we required that the SNPs map in or near a known gene, as determined by SNPper. 20 This criterion increases the biological interpretability of any finding, 3 albeit at the risk of overlooking associations with intergenic SNPs that may ultimately prove to lie in un-annotated genes or regulatory sequences. SNPs passing these criteria were then tested in the German sample. An SNP was declared replicated if and only if the same allele was associated in the German sample at the nominal P < 0.05 level. The replication design and criteria were settled in advance of any analysis of the results.
Individual genotyping
Replicated SNPs were prioritized for individual genotyping by several criteria. Priority was given to SNPs with a minor allele frequency > 0.05 and OR > 1.4 in both samples, SNPs that clustered with replicated SNPs within the same gene, nonsynonymous SNPs, SNPs with the lowest RAF variances and SNPs that mapped to chromosomal regions previously linked to bipolar disorder in multiple studies (Supplementary References). Functional relevance to known pathways was explicitly ignored in order to preserve the relatively unbiased nature of the whole-genome approach. We also individually genotyped eight SNPs chosen to represent (1) rare alleles; (2) highly-significant results in the NIMH sample that were not replicated in the German sample; (3) replicated SNPs that, while significant, yielded an OR < 1.4 in the German sample. We also genotyped an SNP in diacylglycerol kinase eta (DGKH; rs9315885) that was in a conserved region near multiple significant signals in the pooled genotyping.
SNPs were individually genotyped using a modification of the 5 0 nuclease (Taqman) assay, scored on a fluorescent plate reader by use of a clustering algorithm (kindly provided by Sam Chen, Virginia Commonwealth University). Individual genotyping was performed on the full sample, including those individuals excluded from the pools. Genotyping accuracy was ensured by genotyping duplicate samples on each plate (one discrepant genotype was detected and excluded from analysis), genotyping of trio samples to detect Mendelian errors (none found) and verification of Hardy-Weinberg equilibrium (HWE) using Pedstats. 21 One SNP (rs4813030) had HWE probabilities < 0.01 in the German sample and combined samples. Individually genotyped SNPs were analyzed with UNPHASED 2.404. 22, 23 Haplotypes with estimated frequency < 1% were excluded from the multi-locus analyses.
Results
Figure 1 displays probability plots of the ranked P-values obtained from pooled DNA for the NIMH and German samples. The NIMH sample contains a number of SNPs that deviate slightly above the identity line, consistent with several weak association signals. The German sample shows some deviation below the identity line, suggesting that the P-values obtained from the pools were conservative in that sample. The mean t-statistic was close to zero in both samples (NIMH = À0.4602, German = À0.5091). This demonstrates that there is no overall deviation in the distribution of results from the expected values as would occur in the presence of population stratification, cryptic relatedness or other systematic error. 24, 25 Table 2 summarizes the results of the initial screen of pooled DNA from the NIMH sample. In total, 33 949 SNPs (6.1%) differed in frequency between NIMH cases and controls at P < 0.05 and 5781 SNPs (1%) had an OR > 1.4. Of these, 4241 (73%) passed the RAF threshold of 0.05, and 1877 (32.5%) mapped in or near known genes.
These 1877 SNPs were tested for replication in the German sample. A total of 88 SNPs representing 80 different genes met the prior criteria for replication (Supplementary Table 1 ). Among these, the largest OR observed was 2.34 in the NIMH sample and 1.86 in the German sample. Several replicated SNPs map to genes within previously identified bipolar disorder linkage regions, some of which contain more than one replicated SNP.
Individual genotyping
Results of the individual genotyping are shown in Table 3 . As expected, the differences in allele frequencies between cases and controls (D) was similar in the pooled and individual data (mean absolute difference in D = 0.031, 95% CI 0.022-0.039), while the individual allele frequency estimates were slightly more variable (mean absolute difference in allele frequency = 0.034, 95% CI 0.029-0.039). Overall, 28 of 37 (76%) SNPs remained significantly associated with bipolar disorder at the P < 0.05 level when genotyped individually in the NIMH sample. Of these, 10 (36%) were significant when individually genotyped in the German sample, and 15 additional SNPs were significant in the combined dataset.
The results confirmed a variety of genes. Effect sizes were modest. The largest OR observed was 1.67 for an SNP in SORCS2, although most of the ORs were smaller than 1.4. Three SNPs in SORCS2 and three SNPs in DGKH were significant at the P < 0.05 level in both samples. The most significant result was observed for the DGKH SNP, rs1012053 (P = 1.5 Â 10
À8
, OR = 1.59 in combined samples). This SNP is significant at the experiment-wide P < 0.01 after Bonferroni correction of the combined results for the total number of SNPs studied.
Multi-locus analysis
Are particular loci more influential than others in conferring risk? To explore this question, we tested all 2-and 3-locus combinations of the 37 individually genotyped SNPs in the combined sample. 23 There were 95 combinations that were globally significant at P < 0.05 after Bonferroni correction for the 1072 combinations tested. Of these, 23% contained an SNP in SORCS2 (rs10937823) and 22% contained an SNP in DGKH (rs1170191). The most significant combination (P = 1.2 Â 10
À8
) was a 2-marker model containing both of these SNPs. No other SNPs were present in over 20% of significant combinations. This suggests that no one SNP was necessary to produce bipolar disorder, but the SNPs we studied in SORCS2 and DGKH may be particularly influential in conferring risk in the samples we studied.
If multiple different loci, each of small effect, contribute to the risk of bipolar disorder as our data suggest, this raises the question of how the risks of individual loci accumulate to influence risk of disease. To explore this question, we analyzed the 10 SNPs that were supported by the individual genotyping in the combined sample at the P < 0.001 level (representing DGKH, DFNB31, SORCS2, GANTL4, NXN and VGCNL1). We classified alleles as 'risk' alleles if they were more common in cases than in controls. We then counted the number of risk alleles carried by each case and each control (homozygotes were counted as 2) and summed these across loci. The results are illustrated in Figure 2 .
As expected, the proportion of cases rises with the number of risk alleles carried. The case and control distributions are significantly different (KolmogorovSmirnov D = 0.155, P < 0.0001). Many controls also carry substantial burdens of risk alleles. This implies that the identified alleles are not sufficient to cause bipolar disorder. Only five cases (out of 1152 scored) carried fewer than nine risk alleles, suggesting that multiple risk alleles are a necessary part of the vulnerability to bipolar disorder. Persons carrying 19 or more risk alleles were almost four times more likely to be classified as cases than controls (Figure 2 ; prevalence ratio = 3.8, 95% CI 1.24-11.6, w 2 = 20.25, P = 6.8 Â 10
À6
).
Discussion
This first genome-wide association study of bipolar disorder has detected and replicated evidence of genetic association at several distinct loci. While the contribution of each locus to risk of disease is modest, cases carry significantly more risk alleles than controls, and disease risk increases substantially with the total burden of risk alleles carried. Many of the identified genes lie within previously reported regions of genetic linkage to bipolar disorder or schizophrenia. Some loci, primarily DGKH, stand out for their biological relevance and consistency between samples, and such loci may be more influential than the others in determining risk for bipolar disorder. These data suggest that bipolar disorder is a polygenic disease influenced by many genes, each of small effect.
This study has several limitations. Our strategy of pooling DNA samples at the initial screen reduced power to detect true associations. Still, the study design had sufficient power to detect common loci of modest effect (OR > 1.4) that were present in both samples. (While ORs were often lower in the individual genotyping than the pooled genotyping results, this would be expected in any screening Genome-wide association study of bipolar disorder
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method where the primary screen has a larger variance than the secondary screen; the so-called 'winner's curse.') The Illumina HumanHap550 chip gives very good, but incomplete, coverage of the European genome, and we restricted our replication testing to SNPs in and near genes. This strategy cannot detect uncommon alleles and SNPs in unannotated genes or regulatory regions. Despite these limitations, we detected and replicated multiple alleles that confer modest risk for bipolar disorder. Our data, therefore, imply that high-risk loci for bipolar disorder, if they exist, are probably very uncommon. Population stratification is always a risk in casecontrol studies, even where groups have been carefully matched for ancestry, 26 as in the present study. Probability plots of the distribution P-values in the pooled results showed no evidence of deviation from the expected distribution, except at the extreme, where the German sample actually returned fewer highly-significant results than would be expected by chance. Thus, we conclude that population stratification is very unlikely to account for our findings.
We have not corrected P-values in the pooled DNA results for the number of SNPs evaluated. This is because we used the pooling results only as a means for identifying SNPs that warrant individual genotyping. While P-value adjustment methods such as false discovery rates may be considered, the ranking of the SNPs is invariant to such adjustments, and we considered other criteria, such as presence in a linkage region, in prioritizing SNPs for further study, as recommended by some authorities. 27, 28 On the other hand, the P-values obtained for SNPs that were individually genotyped should, arguably, be corrected for multiple testing. One reasonable approach would be to correct for the 1877 SNPs that were eligible for replication testing. We have not individually genotyped all of these SNPs, but we do know their P-value ranking in the pooled NIMH sample. Thus, we can use a Bonferroni-Holm step-down procedure to correct the P-values of the SNPs that were individually genotyped. When we apply this correction to our results, one SNP in DGKH (rs1012053) remains significant at the experiment-wise P = 0.002 level. This same SNP would remain significant at the experiment-wise P < 0.01 level after Bonferroni correction of the combined P-value for the 555 235 SNPs we studied. Thus, we can reject the null hypothesis of no association between bipolar disorder and at least this SNP.
Given that we did not take functional relevance into account when selecting SNPs to individually genotype, it is remarkable that the strongest result in this study, replicated by individual genotyping in both samples, involves an SNP in the gene DGKH. A total of four SNPs in DGKH (rs1170195, rs9525570, rs1170191, in a 7 kb region in the 1st intron, and rs9315897 in the 7th intron) showed evidence of association at the P < 0.05 level in both pooled samples (Figure 3 ). Three SNPs (rs1170191, rs9315885 and rs1012053) showed strong evidence of association in both samples after individual genotyping. DGKH is located within the bipolar disorder linkage region on 13q14. 29, 30 DGKH encodes DGKH, a key protein in the lithium-sensitive phosphatidyl inositol pathway 31 ( Figure 4 ). We do not have lithium-response data available in either of the samples we studied, but it may be of particular interest to test this finding in a sample where lithium response data is available.
Another replicated signal is in the gene NXN, which encodes the protein nucleoredoxin, which inhibits Wnt-b-catenin signaling by binding to the PDZ domain of the protein disheveled (Figure 4 ). 32 The phosphatidylinositol and Wnt pathways, which connect via protein kinase C (PKC), have been hypothesized to play an important role in the mechanism of action of mood-stabilizing medications. 33 These results illustrate how a genome-wide association study can highlight the potential etiologic importance of specific components of even wellunderstood pathways.
Our results also implicate novel proteins and pathways. The association signals we detected in VGCNL1, DFNB31 and SORCS2 are good examples of this. VGCNL1 encodes a voltage-gated ion channel highly expressed in the brain, and lies within a region on chromosome 13q that has shown linkage to bipolar disorder in several studies. 29 Its Drosophila homolog, narrow abdomen (na), regulates circadian rhythms, 34 suggesting that this gene may play a role in the circadian disruption that is a hallmark of bipolar disorder.
DFNB31 is located within a bipolar linkage region. 35 The gene encodes the neuronally expressed protein whirlin, which binds to most members of the Usher protein complex (Figure 4) . Whirlin contains three highly-conserved PDZ domains, mutations in which cause the 'whirler' phenotype in mice and prelingual-onset nonsyndromic deafness in humans, 36 including some types of Usher syndrome.
37
Like nucleoredoxin, the Usher protein complex is an effector of b-catenin, and also affects neuronal morphogenesis and structural plasticity. 38 Usher syndrome can cause central nervous system structural changes 39 and psychosis, 40 and there is one report of increased incidence of bipolar disorder among adults with prelingual-onset nonsyndromic deafness, 41 but it is not known if any of those patients carried the 'whirler' mutation. Finally, SORCS2 maps to a region on chromosome 4p that has been widely linked to bipolar disorder 42 (Supplementary References). SORCS2 encodes a VPS10 domain-containing receptor prominently expressed in the developing brain. 43 These results lead us to hypothesize that most bipolar disorder is best explained by the polygenic threshold model, a classical model of the relationship between genes and disease based in quantitative genetic theory. 44 Many risk alleles, each of small effect size relative to the total risk, are assumed to exist in a population. Each person's disease risk is influenced by the total burden of risk alleles they carry. Fewer alleles confer a lower risk, while more alleles confer greater risk. Disease occurs when the allele burden crosses some threshold, although the exact disease threshold for a given person may be influenced by nongenetic factors.
The polygenic threshold model provides a good fit to the evidence to date in the field of bipolar disorder genetics. The model predicts that no single locus or small set of loci will be necessary or sufficient to Figure 3 Pooling-derived association results for SNPs in the gene DGKH (181 kb). The graphic was produced by the University of California Santa Cruz Genome Browser, using the May 2004 build and the custom tracks option. SNPs associated at the P < 0.05 level are shown in the NIMH and German tracks, and SNPs genotyped by the HumanHap550 are shown directly above the gene track. Red SNPs were significant at P < 0.05 in both samples, blue SNPs had P < 0.05 in only one sample. There is substantial linkage disequilibrium across the region, according to the HapMap CEPH-European data (not shown). DGKH, diacylglycerol kinase eta; NIMH, National Institute of Mental Health; SNP, single nucleotide polymorphism. Figure 4 Graphic illustrating the roles of seven genes implicated in the present study in lithium-sensitive signaling pathways. Green lines denote enzymatic transformations or cofactor activations, red lines confirmed inhibitory actions, blue lines protein interactions of unknown nature from Lim et al. 54 or hypothetical interactions. All colored genes contain at least one replicated SNP based on individual genotyping (teal) or pooled (yellow) data. Gprotein coupled receptors (such as GPC51) activate the phosphatidyl inositol signaling pathway via G-protein (G) activation of phospholipase C (PLC, such as PLCG2). PLC cleaves PIP2 into IP3 and diacylglycerol (DAG). DAG is metabolized by DAG kinases (such as DGKH). DAG is a necessary cofactor for activation of most PKC isoforms. PKC cross-talks via disheveled (Dvl) with the Wnt/B-catenin signaling pathway. Dvl is activated by Wnt receptors (such as FZD2) and directly inhibited by nucleoredoxin (NXN) by binding the PDZ domain. A2BP1 also binds Dvl. Dvl inhibits glycogen synthase kinase-3 beta (GSK3B), which itself inhibits b-catenin. b-Catenin is activated by whirlin (DFNB31) via the Usher protein complex. Since it also contains PDZ domains, DFNB31 may also bind nucleoredoxin and Dvl. In the nucleus, b-catenin modulates the activity of TCF/LEF transcription factors (such as TCF7L1), which ultimately affects the expression of a large number of target genes. Lithium (Li þ ) lowers intracellular myoinositol levels, reducing the production of PIP2, and increases b-catenin signaling through inhibition of GSK3B. DGKH, diacylglycerol kinase eta; PKC, protein kinase C; SNP, single nucleotide polymorphism. develop disease. Thus there is expected to be a high degree of genetic heterogeneity, since different combinations of loci can create the same disease state in different people. Such heterogeneity would lead to many weak and inconsistent genetic linkage findings, and linkage peaks that are broad and ill-defined, because the magnitude of linkage scores would be reduced by locus heterogeneity and any linkage region might harbor more than one risk locus. Both phenomena have consistently characterized the genetic linkage findings in bipolar disorder. 45 Similarly, a number of weak genetic associations have been reported, but the effect sizes have been small and difficult to replicate. 2 Again, this is consistent with a polygenic model. Many of the replicated loci in this study lie within regions previously linked to schizophrenia. The overlap of risk alleles among bipolar disorder, schizophrenia and other mental illnesses is also consistent with a polygenic model, since different constellations of risk alleles might lead to different disease outcomes.
A polygenic threshold model may seem inconsistent with the apparent vertical transmission of bipolar disorder that has been long observed, 46 but not generally supported by segregation analyses (reviewed by Faraone et al. 47 ). However, many of the risk alleles that we have identified are the most common alleles in the population, with frequencies over 80% even in controls. Such common alleles could create a pseudo-dominant transmission pattern, 48 especially in conjunction with the assortative mating that is common among people with mood disorders. 49 The replication design we employed made it possible to separate out some robust association signals from among the large set of statistically significant results in this genome-wide study. However, some of the most significant results in the NIMH sample did not replicate in the German sample, and by design, we did not pursue association signals present only in the German sample. Association signals that did not replicate under our criteria were observed in several genes that have been implicated by previous studies, [50] [51] [52] [53] including NPAS3, GRIK2, GRM3, GRM4, KCNQ3 and GRIN2B (data not shown). Since others may wish to pursue these findings, we will make our genome-wide set of results available at http://mapgenetics.nimh.nih.gov/bp_pooling.
In conclusion, this first genome-wide association study of bipolar disorder has detected weak but reproducible association with markers in several genes. None of the replicated genes confers a large risk of disease, but the gene DGKH contains an SNP that is significantly associated with bipolar disorder even after conservative experiment-wise correction. Several implicated genes reside in well-known regions of genetic linkage to bipolar disorder, and several lie within schizophrenia linkage regions, but no one gene appears to be necessary or sufficient for disease. These findings imply that major gene effects in bipolar disorder are very uncommon, if they exist at all. Future studies may benefit from multi-locus approaches that embrace the genetic heterogeneity of bipolar disorder.
